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In this paper, the authors report trends in hospitalized stroke rates among Minneapolis-St. Paul, Minnesota (population 2.6 million) metropolitan area residents aged 30-74 years from 1980 to 2000. Cases were identified from lists of discharge diagnoses provided by hospitals serving the target population. Age-adjusted, sex-specific stroke attack rates were computed for each survey year by using 5 different diagnostic definitions: 2 based purely on International Classification of Diseases, Ninth Revision (ICD-9) codes and 3 including clinical and neuroimaging criteria. Stroke rates, as measured by a highly specific clinical definition, remained stable from 1980 to 2000 for women. For men, these rates declined modestly from 1980 to 1990 and leveled off during 1990-2000. In contrast, use of stroke-related ICD-9 discharge codes declined significantly from 1980 to 2000: 35% among men and 16% among women. Neuroimaging use increased significantly from 75% of cases in 1980 to 98% in 2000. Short-term (28-day) stroke survival improved significantly, by 16% for women and 12% for men, from 1980 to 2000. The decline in stroke ICD-9 code usage reflects the influence of increased neuroimaging on discharge coding. The improved short-term survival in the face of stable, clinically defined stroke rates may imply treatment advances or ascertainment of less severe strokes, possibly masking a true decline in stroke rates.
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Trends in stroke rates represent a complex interaction between trends in population risk factors, improved preventive measures, and increasingly sensitive and specific case ascertainment. The prevalence of some vascular risk factors such as hypertension declined overall and treatment improved from the 1970s to 2000, while the prevalence of other factors, such as diabetes, increased (1, 2) . Despite a decline in age-adjusted coronary heart disease incidence, improved survival after myocardial infarction, coupled with the aging US population, has likely increased the overall population burden of stroke risk. During the 1990s, numerous clinical trials identified therapies for optimal secondary prevention after stroke, and these therapies can be expected to reduce stroke event rates (3) (4) (5) .
Parallel to trends in population characteristics and clinical practice are major changes in our ability to detect stroke events, driven by neuroimaging advances. The increasing availability and use of computed axial tomography in the 1980s and magnetic resonance imaging in the 1990s improved the overall accuracy (sensitivity and specificity) of stroke detection. A new magnetic resonance imaging sequence, diffusion weighted imaging, entered clinical use in 1997. Diffusion weighted imaging has a reported sensitivity of 88%-100% and specificity of 95%-100% for acute ischemia. The accuracy for detecting acute ischemic strokes is substantially improved by diffusion weighted imaging (95%-100%) compared with computed tomography (42%-75%) and standard magnetic resonance imaging (46%) (6) . Medical record documentation has also improved over the last few decades, partly because of billing and reimbursement requirements, which also improved the completeness of stroke case ascertainment. These trends could increase stroke rates because of improved sensitivity of ascertainment or could lead to lower rates because of higher specificity (7) .
We used a population-based stroke surveillance system, the Minnesota Stroke Survey, to examine trends in stroke rates. The Minnesota Stroke Survey is a multidecade study designed to examine trends in hospitalized stroke rates, stroke outcomes, risk factors, and treatment in the MinneapolisSt. Paul, Minnesota, metropolitan population. Data collection started in 1970, taking place typically at 5-year intervals. Results from the 1970, 1980, 1985, and 1990 surveys have been published previously (7) (8) (9) (10) .
Herein, we report results from the 1995 and 2000 surveys and examine trends in stroke rates spanning 2 decades, 1980-2000. Our goal was to peel away the effects of changes in case ascertainment sensitivity and specificity to study whether the observed stroke trends represent actual changes in population event rates or whether the true trends are masked by an overlay of improved case identification.
MATERIALS AND METHODS

Survey design
The Minnesota Stroke Survey, approved by the University of Minnesota Institutional Review Board, targeted all Minneapolis-St. Paul 7-county metropolitan area residents aged 30-74 years. Population sizes and interpolated intercensus year (1985, 1995) population estimates were obtained from the US Census Bureau.
Stroke cases were identified from lists of discharge diagnoses provided by all acute care hospitals serving the metropolitan area. The following acute cerebrovascular disease discharge codes from the International Classification of Diseases, Ninth Revision (ICD-9) were used to construct a sampling frame for each survey year: 431 (intracerebral hemorrhage), 432 (other and unspecified intracranial hemorrhage), 434 (occlusion of cerebral arteries), 436 (acute, but ill-defined cerebrovascular disease), and 437 (other and ill-defined cerebrovascular disease). Transient cerebral ischemia (ICD-9 code 435) and subarachnoid hemorrhage (ICD-9 code 430) were not included. For the 1980, 1985, 1990 , and 1995 surveillance years, hospital records for 50% of cases in the sampling frame were randomly selected for detailed abstraction. In 2000, hospital records for 100% of cases were selected for detailed abstraction.
Data abstraction and quality control
Data were abstracted from hospital records by trained nurses using standardized forms and a manual. Abstractors recorded demographic information, medical history (including a history of prior stroke), relevant clinical information on stroke signs and symptoms, diagnostic procedures, and autopsy reports. Photocopied neuroimaging reports were independently abstracted by a trained physician reviewer using a manual and standardized data collection forms.
Data abstraction reliability was examined by reabstraction of randomly selected charts by an experienced ''gold-standard'' reference abstractor. An interrater reliability of greater than 95% was achieved for each of the demographic and clinical variables used to calculate stroke rates.
Stroke case definitions
The Minnesota Stroke Survey has traditionally computed stroke rates based on multiple diagnostic definitions (8, 9) . Several of these definitions are based entirely on ICD-9 codes, whereas other definitions considered clinical features. Having multiple diagnostic methods helps evaluate fluctuations in stroke rates induced by changes in coding or measurement technology. We used 4 diagnostic definitions from previous Minnesota Stroke Survey reports and introduced a fifth, neuroimaging-based definition in acknowledgment of advances in imaging technology.
The 5 stroke case definitions are as follows: 1) cases for whom at least 1 acute cerebrovascular disease ICD-9 code (431, 432, 434, 436, or 437) is listed among hospital discharge diagnoses; 2) cases for whom one of these codes was listed in the first position among discharge diagnoses; 3) cases initially identified by definition 1 and meeting the World Health Organization criteria for acute stroke (i.e., a new neurologic deficit of presumed vascular origin lasting at least 24 hours or until death if death occurred within 24 hours); 4) cases satisfying definition 3 and having specific documented neurologic deficits (listed below); and 5) cases satisfying definition 1 and identified as experiencing definite, probable, or possible acute strokes by neuroimaging.
These 5 case definitions are of increasing specificity. Definitions 2, 3, 4, and 5 are subsets of definition 1. Definition 4 (referred to as the Minnesota Stroke Survey definition of acute stroke) is a further subset of definition 3; it requires the presence of at least 1 major neurologic deficit or 2 minor neurologic deficits. Major deficits included aphasia, coma, visual field cut, and motor or sensory deficits in at least 2 of 3 (face, arm, leg) body parts. Minor deficits included dysarthria (slurred speech), motor or sensory deficits in 1 of 3 (face, arm, leg) body parts, apraxia, and abnormal plantar reflex. The Minnesota Stroke Survey and World Health Organization definitions excluded cases of obvious nonstroke etiology such as tumors and subdural hematomas. Stroke attack rates using definitions 1-4 were calculated by computerized algorithms in each survey year : 1980, 1985, 1990, 1995, and 2000 . Definition 5 of stroke, the neuroimaging definition, was applied to survey years 1990, 1995, and 2000, when neuroimaging was used more frequently. Definition 5 strokes were divided into the subtypes ischemic and hemorrhagic. Cases of stroke without evidence of prior stroke history in hospital medical records were classified as incident events. Linkage to Minnesota Department of Health vital statistics data was used to identify poststroke deaths and date of deaths for all cases.
Statistical analysis
A small percentage of patients (5%-10%) had multiple stroke hospitalizations during a survey year. We counted only the first event in each survey year per person, therefore not missing incident strokes when both the incident and recurrent events occurred in the study sample. Event counts from survey years with 50% sampling were doubled to allow comparison to year 2000, when sampling was 100%. We computed sex-specific stroke attack rates as well as incident event rates. All rates were standardized by age adjustment to the 2000 US Census. Poisson regression (PROC GENMOD, LINK¼LOG, DIST¼POISSON; SAS version 9.1 software, SAS Institute, Inc., Cary, North Carolina), adjusting for age, was used to model event rates, test for an overall trend across survey years, and test the null hypotheses of no change in stroke rates between adjacent survey years (1980 vs. 1985, 1985 vs. 1990, 1990 vs. 1995, and 1995 vs. 2000) .
Patient characteristics and practice issues, such as rates of neuroimaging and completeness of medical records, were tested for an overall trend across survey years. Median length of stay was calculated by excluding patients who died before hospital discharge. Distributions of categorical variables were compared by using the chi-square test. ''Missing'' was used as a possible value for stroke signs and symptoms, enabling comparison of medical record completeness. Continuous variables were examined by comparison of means using 1-way analysis of variance.
Sex-specific, age-adjusted, short-term (2-week, 4-week) and 1-year case fatality/survival poststroke was calculated for each survey year for cases identified by the Minnesota Stroke Survey stroke definition and was tested for an overall trend across the years.
RESULTS
More than 6,000 stroke events were sampled across the 5 survey years (Table 1) . Of the events identified by definition 1 (ICD-9 discharge codes for acute cerebrovascular disease), as many as two-thirds (55%-70%) were validated as strokes by the World Health Organization criteria (definition 3), and less than half (36%-47%) were classified as strokes by the Minnesota Stroke Survey definition (definition 4). Some definition 1 cases were excluded from the World Health Organization and Minnesota Stroke Survey definitions; either they did not meet the criteria of deficits lasting at least 24 hours or the deficits were determined to have been caused by nonstroke etiologies (e.g., tumors). Nonstroke etiologies were found for 16% of definition 1 cases in 1980, and this fraction declined to 6% in 2000.
Only half (49%-58%) of the events identified by definition 1 were classified as strokes by the neuroimaging definition (definition 5). Some neuroimaging strokes did not meet the World Health Organization (and Minnesota Stroke Survey) time duration criterion of neurologic deficits lasting at least 24 hours. This fraction increased from 13% in 1990 to 18% in 2000. Table 2 summarizes trends in stroke case characteristics across survey years for those meeting the World Health Organization stroke definition. The percentage of patients identified as white declined, with an increase in those identified as black or Asian. Prevalence of a prior history of stroke, transient ischemic attack, and atrial fibrillation fluctuated across the cohort years, without clear rising or declining trends. Prior history of myocardial infarction declined beginning in 1985. We found a rising trend in prestroke hypertension history. Neuroimaging use increased significantly, with almost all World Health Organization cases undergoing some neuroimaging from 1990 onward. Use of brain magnetic resonance imaging also increased significantly, from 18% in For each survey year, age-adjusted, hospitalized stroke rates by various metrics were calculated separately for men (Table 3, Figure 1A ) and for women (Table 4, Figure 1B ). For men, the highly specific Minnesota Stroke Survey-based measure declined significantly over the 2 decades (P < 0.0001), with most of the decline occurring in the first decade, and plateaued between 1990 and 2000. The neuroimaging-based rates also plateaued between 1990 and 2000. Rates computed by metrics based purely on ICD-9 codes (definitions 1 and 2) and the World Health Organization definition (definition 3) showed an overall significant decline (P < 0.0001), with the stroke rates falling across all survey periods. Rates measured by the least specific measure (definition 1) showed the most decline (35%), although other metrics (definitions 2 and 3) also showed rates declining by 27%-31%.
The age-adjusted rates for women were substantially lower than those for men according to all stroke measures. In contrast to those for men, rates as measured by the specific Minnesota Stroke Survey definition of stroke remained stable over the 2 decades, 1980-2000. Neuroimaging-based rates were also flat between 1990 and 2000, similar to those for men. While rates measured by definitions 1-3 declined significantly from 1980 to 2000, the magnitude of decline (9%-16%) was more modest than those for men.
For both women and men, incident stroke rates paralleled the attack rate trends but were 23%-29% lower. Hemorrhages constituted 19%-25% of all strokes validated by neuroimaging in our population, with no significant change in the relative proportion of ischemic versus hemorrhagic strokes from 1990 to 2000 (Tables 3 and 4) .
For cases meeting the Minnesota Stroke Survey stroke definition, age-adjusted 14-day and 28-day poststroke case fatality declined significantly from 1980 to 2000 (P < 0.0001) in both sexes (Figures 2A and 2B , Table 5 ). Most of the decline occurred from 1980 to 1995, with minimal changes between 1995 and 2000. One-year case fatality showed similar significant declining trends. One-year case-fatality gains among those who survived for 28 days were more modest than improvements in 28-day fatality.
DISCUSSION
Observed stroke attack rates, as measured by a highly specific clinical definition, remained stable from 1980 to 2000 for women, confirmed from 1990 to 2000 by a sensitive and specific neuroimaging definition. For men, rates measured by the same definitions also plateaued from 1990 to 2000 while declining modestly from 1980 to 1990. Consistent with national statistics, incident events constituted three-quarters of all strokes, and trends in incident event rates were parallel to attack rate trends (1). Comparable to our findings, the Greater Cincinnati/Northern Kentucky Stroke Study reported unchanged stroke incidence when comparing 1993-1994 with 1999 (11). Two studies using vital statistics databases reported flat rates of hospitalized stroke, declining length of stay, and decreased case fatality in the 1990s, results similar to ours (12, 13). Brown et al. (14) also reported a plateauing of stroke rates from 1980 to 1989 in Rochester, Minnesota.
Measured stroke rates varied widely by case definition. Furthermore, although the most specific measures of stroke (Minnesota Stroke Survey and neuroimaging definitions) suggest stable trends, rates as measured by ICD-9-based metrics declined substantially among men and, to a lesser extent, women. We argue that this decline is a consequence of increased neuroimaging use leading to improvement in discharge coding; that is, stroke-related ICD-9 codes have become more specific for stroke. Supporting evidence for this argument is the recent convergence of definitions based purely on ICD-9 coding with the neuroimaging definition ( Figure 1 ). The decline in the proportion of patients presenting with unconsciousness also supports the influence of neuroimaging on discharge coding (Table 2 ). Unconsciousness at presentation is often not due to stroke, and neuroimaging in recent surveys has likely helped clarify the diagnosis. We also draw attention to the substantial decline (16% in 1980 to 6% in 2000) in the proportion of definition 1 cases found to have nonstroke etiologies of stroke. We therefore infer that the ICD-9 codes in early surveys contained many misdiagnoses and that most or all of the decline in stroke rates, as measured by definitions based purely on ICD-9 codes, is artifactual and due to the influence of neuroimaging on diagnosis and consequent discharge coding.
While rates assessed by the specific stroke measures appear to be static since 1980 for women and since 1990 for men, a key question remains: have stroke rates genuinely plateaued despite advances in medical therapy, or is the flat trend the result of a true decline masked by a countercurrent of more sensitive case ascertainment due to better diagnostic tools? The following are relevant observations from our data.
Neuroimaging improves the accuracy (sensitivity and specificity) of stroke diagnosis. Across every survey period, imaging use rates either increased substantially (1980 to 1990) or a more technologically advanced modality began to be used. While overall imaging rates were flat from 1990 to 2000, magnetic resonance imaging use increased substantially from 1990 to 2000, and diffusion weighted imaging was introduced only in the 2000 survey.
Have imaging trends changed Minnesota Stroke Survey case ascertainment by detecting smaller strokes or led to reclassification of transient ischemic attacks as strokes? The Minnesota Stroke Survey definition uses specific clinical variables abstracted from medical records that do not depend on imaging findings, although retrospective clinician documentation of stroke signs could be influenced by imaging results. A fraction of transient ischemic attacks with imaging correlates will be coded as strokes on hospital discharge. These cases will not meet the 24-hour requirement for clinical deficit duration required by the Minnesota Stroke Survey definition. Cases with acute strokes on imaging but such short-lived deficits increased from 13% in 1990 to 18% in 2000, reflecting perhaps the high sensitivity of diffusion weighted imaging. The Minnesota Stroke Survey definition excludes cases with alternate explanations for focal symptoms and has therefore always been specific, although it is conceivable that imaging has increased the ease of detection of nonstroke etiologies. Thus, even the Minnesota Stroke Survey definition may have become more specific over time.
We examined improved medical record documentation and its effect on case ascertainment. Table 2 shows fewer missing data for 3 key clinical variables (level of consciousness, aphasia, and visual field cut). This improvement is due to increased documentation of the absence (vs. presence) of stroke signs and symptoms. For example, missing documentation on results of visual field testing declined from 43% in 1980 to 19% in 2000 and documentation of its absence of abnormality increased from 41% to 64%, whereas documentation of its presence remained unchanged. Improved documentation did not necessarily translate into identification of more cases in our study.
Several markers of stroke severity declined from 1980 to 2000. Median length of stay declined, with the largest drop between 1980 and 1985 coinciding with introduction of diagnosis-related group-based reimbursement in the early 1980s (15) . The proportion of cases with major neurologic deficits declined. Short-term (14-day, 28-day) survival, a reasonable surrogate for stroke severity, improved substantially. While this improvement may be in part have been due to improved acute care, detection of less severe events likely played a role.
The observations described above emphasize that the Minnesota Stroke Survey case definition is by design highly specific and reasonably impervious to technologic advances such as the availability of more accurate neuroimaging. Nevertheless, we cannot dismiss improvements in various markers of stroke severity possibly due to improved detection of smaller strokes. Hence, while the observed Minnesota Stroke Survey rates appear flat, a true decline may be masked. We also draw attention to the changing risk factor profile of stroke cases ( Table 2 ). The distribution of race in the stroke population mirrors the distribution in the general population. Prestroke history of myocardial infarction decreased across survey years, reflecting the declining incidence of coronary heart disease in the general population. There was no significant trend in prestroke atrial fibrillation history. Thus, we do not have evidence to suggest that advances in coronary care and improved post-myocardial infarction survival have led to increased rates of stroke in our population aged 30-74 years. It is possible that increased stroke rates due to improved post-myocardial infarction survival are actually occurring in those aged 75 years or older.
The rising prevalence of diabetes mellitus in the US population is not reflected in our stroke population. Prestroke history of hypertension increased significantly across the survey years, from 53% in 1980 to 68% in 2000. The Minnesota Heart Survey (16), a parallel study to the Minnesota Stroke Survey, found declining hypertension from the 1980s to 2000-2002 in the general Minneapolis-St. Paul population. Table 5 . During this same time frame, increases were observed in the proportion of hypertensive patients aware of their diagnosis of hypertension. These results parallel those from the National Health and Nutrition Examination Survey, which found increased hypertension awareness, detection, and treatment at a national level (17) . On the basis of Minnesota Heart Survey results, we argue that the increased prevalence of prestroke history of hypertension in Minnesota Stroke Survey patients reflects population trends in increased awareness and detection of hypertension. Although improved hypertension detection and treatment have not apparently led to a decline in stroke rates, it is consistent with our view that stroke rates may have actually declined and that this decline may be masked by increased identification of less severe strokes.
We noted that our data show declining poststroke case fatality (Table 5) , with most of the gains occurring between 1980 and 1995, although 1-year case fatality continued to decline among women between 1995 and 2000 as well. These observations are consistent with national trends that have shown a rapid decline in mortality in the 1970s and 1980s and a leveling off or slowed decline in the 1990s despite advances in therapies (18) .
Strengths of our study include the large population base under observation, the longitudinal nature of our data, and the use of multiple measures of stroke rates. A criticism of our study is that it examined rates of stroke hospitalizations only. Hence, acute strokes treated in an outpatient setting or nursing home were not captured. However, data from the Northern Manhattan Stroke Study suggest that hospital surveillance captured 94% of acute strokes and that only an additional 6%-7% of strokes can be identified by community surveillance efforts (19) . The Northern Manhattan Stroke Study conducted its surveillance from 1993 to 1996. It is possible that the proportion of stroke patients hospitalized for acute stroke changed over the 2-decade span of our study because of increased public awareness or changing practice due to the availability of acute treatments such as recombinant tissue-type plasminogen activator.
In conclusion, despite a significant decline in the use of stroke-related ICD-9 codes in the Minneapolis-St. Paul metropolitan area, rates, as measured by highly specific clinical criteria, remained stable among women between 1980 and 2000 and among men between 1990 and 2000. Short-term survival after stroke improved substantially from 1980 to 2000 for both men and women. Although our study used clinical criteria specifically designed to be robust to changing technology such as neuroimaging advances and the improved short-term survival is likely partly explained by improved stroke treatment, there is a strong possibility that less severe strokes are being ascertained, masking a true decline in strokes rates.
